Effects of principal stress axis rotation on unsaturated rail track foundation deterioration by Gallage, Chaminda et al.
doi: 10.1016/j.proeng.2016.06.032 
Effects of Principal Stress Axis Rotation on 
Unsaturated Rail Track Foundation Deterioration
Chaminda Gallage1*, Biyanvilage Dareeju1†, Manika Dhanasekar1‡
and Tatsuya Ishikawa2§
1Queensland University of Technology (QUT), Brisbane, Australia
2Hokkaido University of Technology, Hokkaido, Japan
chaminda.gallage@qut.edu.au, biyanvilage.dareeju@qut.edu.au, m.dhanasekar@qut.edu.au, t-
ishika@eng.hokudai.ac.jp
Abstract
Precise assessment of cyclic plastic deformation of rail track subgrade is essential in designing cost 
effective rail tracks. Plastic deformation of rail tracks is often underestimated due to the omission of 
effects of principal stress axis rotation and water content on subgrade deformation. Moisture content 
of rail track subgrade is influenced by infiltration, seasonal ground water table variation and climate 
changes. To understand the influence of principal stress axis rotation and moisture content on the 
plastic deformation of soil, a series of cyclic moving wheel loading tests and cyclic triaxial 
compression tests were performed on unsaturated Toyoura sand, using a modified multi-ring shear 
apparatus. Results show that the presence of water in sand affects the cyclic plastic deformation of 
subgrade of rail tracks, significantly. The subgrade water content variation combined with the 
principal stress axis rotation further increases the accumulation of the cyclic plastic deformation of 
subgrade under moving wheel loads. Experimental results further conclude that the conventional 
experimental methods are unable to accurately assess the rail track deterioration process introduced by 
water content of rail track subgrade under repeated moving wheel load and highlight the requirements 
of realistic test methods such as the cyclic moving load multi-ring shear test, the cyclic hollow 
cylindrical test, or the model test in predicting rail track deterioration process of unsaturated subgrade 
under moving wheel loads.
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1 Introduction
Seasonal ground water variation in rail track subgrade can introduce serious consequences to the 
rail industry, where sudden collapse can happen in rail tracks even when subjected to wetting and 
shrinking cycles(Kodikara, 2012). Such seasonal ground water variation in subgrade results 
unsaturated conditions in subgrade throughout its lifetime, unless otherwise subgrade is either fully 
dried or fully saturated by extreme droughts or floods, respectively. Soil type, particle size 
distribution, drainage condition, fine content, and climate changes can control unsaturated subgrade 
response, resulting range of complexities in engineering applications (Bishop, 1959, Fredlund et al., 
2011). Current knowledge in unsaturated subgrade on the cumulative residual deformation 
characteristics of rail track subgrade is limited as even conventional guidelines do not account 
unsaturated subgrade in rai track designs (Burrow et al., 2011, Dareeju et al., 2014). Principal stress 
axis rotation (PSAR) mainly controls the cumulative residual deformation of rail track subgrade. 
Significance of PSAR in cumulative residual deformation of rail track subgrade is shown, using 
laboratory element tests, model tests, field investigations, and numerical analyses(Gräbe and Clayton, 
2009, Yang et al., 2009, Hirakawa et al., 2002). Cumulative residual deformation of unsaturated 
subgrade under effects of PSAR is however still associated with numbers of uncertainties.
Conventional experimental methods such as cyclic triaxial, cyclic direct shear and California 
bearing ratio tests are unable to replicate actual stress state under moving wheel load conditions, 
accurately. Therefore, a modified multi-ring shear apparatus is used in this study. Capability of this 
modified multi-ring shear apparatus to replicate effects of the PSAR on the deformation characteristics 
of subgrade under moving wheel load was shown by Dareeju et al.(2015). This study examines the 
effects of soil moisture content and PSAR on the cumulative residual deformation characteristics of 
unsaturated granular materials. 
2 Testing Method
2.1 Test Material
Toyoura sand was used in this study since it was used in model test series and evaluating the 
capability of the modified multi-ring shear apparatus to replicate actual deformation characteristics of 
rail track subgrade. Figure 1 shows the moisture-density relationship and the soil-water characteristic 
curve (SWCC) of Toyoura sand under drying conditions with confining pressure of 49 kN/m2. 
According to Figure 1, maximum dry density (MDD) is 1.63 g/cm3 at optimum water content (OMC) 
of 14%. Residual water content of Toyoura sand is approximately 2%, which is equal to residual 
degree of saturation (Sr0) of 6.6%, according to Figure 1(b). 
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2.2 Modified Multi-ring Shear Apparatus and Sample Preparation
Figure 2 illustrates the schematic diagram of the modified multi-ring shear apparatus used in this 
study. A hollow cylindrical specimen with outer diameter of 240 mm, inner diameter of 120mm, and 
height of 100 mm was used for the multi-ring shear tests. A field investigation of subgrade water 
content distribution at Ipswich, Australia suggests that field water content varies between 10% and 
30% with mean and standard deviation of 19% and 5.3%, respectively. Considering uniformity of the 
specimen, residual water content of Toyoura sand, and distribution of field water content, three water 
contents were selected for this study as air-dried (0.05%), 7.8%, and 9.6%.  Water contents of 7.8% 
and 9.6% are further corresponding water contents of 80% MDD and 90% MDD obtained from Fig. 
1(a). After adding desire water content into oven-dried Toyoura sand to obtain target water content, 
soil sample was kept for 12 hours in a controlled environment to gain uniform water content. Each 
modified multi-ring shear specimen was then prepared using three equal layers by tamping, using a 
wooden hammer. As it is difficult to achieve target dry density of 1.463 g/cm3, 1.46 g/cm3 was 
selected as initial dry density and the final dry density was obtained using one-dimensional static 
loading. A constant axial strain rate of 0.1%/min was used in one-dimensional static loading. After 
specimen preparation, a series of cyclic loading tests was performed to evaluate correlations of 
subgrade water content and PSAR on the residual deformation characteristics of the rail track 
subgrades under the moving loading conditions.   
Figure 1: Moisture characteristics of Toyoura sand: (a) moisture-density relationship; (b) soil-water 
characteristic curve
Eﬀects of Principal Stress Axis Rotation on Unsaturated Rail Track Foundation ... Gallage et al.
254
2.3 Loading Conditions and Test Program
Momoya (2004) performed a small scaled model test series to investigate resilient and residual 
deformation characteristics of rail track asphalt roadbed. The model scale was 1/5 compared to typical 
Japanese rail track. As axial load used in small scaled model tests, which is equal to 37.5 kN in 
prototype, does not represent the actual axial load, a two dimensional linear elastic FEM analysis was 
performed using Abaqus finite element software. Figure 3 and Table 1 illustrate the FE model used in 
this study and parameters used to develop the FE models, respectively. Variations of both axial stress 
and shear stress at the bottom of the sand layer of the small scaled model test, when loading wheel is 
on the sleeper No. 8 were used to validated FE model under axial load of 37.5 kN.  Figure 4(a) shows 
variations of axial stress and shear stress at the top of subgrade (at point A), obtained from the 
validated FE model under axial load of 125 kN in prototype. The maximum axial stress and shear 
stress can be obtained as 65.3 kN/m2 and 18.1 kN/m2 from Figure 4(a), respectively. Figure 4(b) 
shows the axial stress and shear stress variation adopted for the cyclic moving wheel loading multi-
ring shear tests by using these two maximums. Influence of adjacent two sleepers on the stress state at 
point A as shown in Figure 4(a) was neglected in this study due to limitation of multi-ring shear 
apparatus.
Figure 2: Schematic diagram: (a) modified multi-ring shear apparatus; (b) hollow cylindrical specimen used
(Dareeju, et al., 2015)
Item Young’s modulus, 
E (MN/m2)
Poisson’s ratio, 
v
Element type
Rail 210000 0.3 Beam
Sleeper 210000 0.3 Solid
CA mortar (Asphalt layer) 3500 0.3 Solid
Bituminous stabilized crushed stone 1000 0.3 Solid
Toyoura sand 50 0.3 Solid
Ballast 100 0.3 Solid
Horizontal spring element 0.833 N/mmper 1 mm2
Table 1: Parameters used for FEM analysis (Momoya, 2004)
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To examine influence of PSAR on residual deformation characteristics of unsaturated subgrade 
materials, two types of different cyclic loading tests, cyclic single point loading test and cyclic moving 
wheel loading test were performed. To replicate conventional cyclic triaxial loading test, cyclic single 
point loading test was performed by introducing axial stress in a half sinusoidal waveform with time 
and zero shear stress. By introducing both axial stress in a half sinusoidal waveform and shear stress in 
a sinusoidal waveform, cyclic axial and shear stress loading test were performed to replicate cyclic 
moving wheel loading test. Amplitudes of both cyclic loading tests were achieved by 14 preloading 
cycles according to model tests. Two-way traffic conditions and 200 loading cycles applied with 
loading frequency of 0.006 Hz by following model test standards. More information on two-way 
traffic and reasons behind selecting such lower loading frequency in the modified multi-ring shear 
tests can be found from Dareeju et al. (2015).
Figure 4: Stress conditions at the top of subgrade (Sleeper No. 8): (a) FE model; (b) Modified multi-ring 
shear apparatus
Figure 3: Schematic diagram of FE model
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Due to limitation of modified multi-ring shear apparatus, consolidated drained (CD) conditions 
were adopted in this study. Actual field conditions of subgrade under moving wheel load however 
show similar drained conditions except under impact loading. Pore-pressure generations during 
loading period and change of water volume after loading period were unable to measure in modified 
multi-ring shear tests due to its limitations. Change of gravimetric water content with sample depth 
was therefore measured during different stages of multi-ring shear tests as shown in Figure 5. 
According to Figure 5(a), there is no significant influence on water content distribution by cyclic 
loading method. Sample drying within loading period as multi-ring shear specimens are not fully 
sealed, may be the key reason behind fluctuation water content distribution with sample depth  
between after loading and after sample preparation as shown in Figure 5(b). As there are no 
significant fluctuations of water content during loading period, the methodology followed in this study 
is approximately suitable to investigate influence of subgrade water content on cumulative 
deformation characteristics of rail tracks. 
3 Results and Discussion
Rail track subgrades are not subjected to static loading conditions and subgrades response under 
cyclic loading conditions are therefore vital to evaluate rutting properties of rail track subgrades. 
Figure 6 LOOXVWUDWHVİa-Nc relationships of unsaturated subgrades under both cyclic single point loading 
and cyclic moving wheel loading. According to Figure 6, a significant cumulative residual 
deformation occurs within initial loading cycles. Such similar behavior can also be found in field, 
where within first loading period after construction or maintenance, significant cumulative residual 
deformation happens in the field. Air-dried subgrade material has minimum cumulative residual 
deformation, while subgrade with water content of 7.8% results maximum cumulative residual 
deformation at any loading cycle under cyclic single point loading. 
Figure 5: Water content distribution of sample along the depth: (a) influence by loading; (b) influence 
during sample loading
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After introducing effects of PSAR into cyclic single point loading tests, cumulative residual 
deformation increases significantly as illustrated in Figure 6. Cumulative residual axial strains of air-
dried subgrade and subgrades with water contents of 7.8% and 9.6%, at 200 loading cycles 
approximately increase by 184%, 32%, and 16%, respectively, compared to by cyclic single point 
loading tests. Similar to unsaturated subgrade response under cyclic single pint loading, subgrade with 
water content of 7.8% also has maximum cumulative residual deformation under cyclic moving wheel 
loading at any loading cycle as shown in Figure 6. Subgrade with water content of 9.6% however 
results minimum residual deformation at any loading cycle due to higher water void percentage 
compared to both air-dried subgrade and subgrade with water content of 7.8%.  Presence of water in 
subgrade materials can result curved menisci at the particle contact points. These water menisci can 
increase the normal force in the plane of contact, increasing the inter-particle bonding. Such increment 
in inter-particle bonding can enhance the resistance to compression. This may be the possible reasons 
behind higher vulnerability of air-dried subgrade to PSAR on the cumulative plastic deformation than 
higher water content as shown in Figure 6. Figure 7 LOOXVWUDWHVıa-İa relationships of subgrade with 
Figure 6: İa-Nc relationships under cyclic loadings
Figure 7: ıa-İa relationships of subgrade with water content of 7.8%: (1) under cyclic single point 
loading; (b) under cyclic moving wheel loading
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water content of 7.8% under both cyclic single point loading and moving wheel loading. Even with 
constant axial stress, shape of hysteresis loop is different from each due presence of effects of PSAR
in cyclic moving wheel loading tests. Large hysteresis loops within first loading period describe the 
reasons behind having higher cumulative residual deformation within first loading cycles. 
Deformation characteristics become elastic and constant by reducing area of hysteresis loop with 
increasing loading cycles as shown in Figure 7. 
4 Conclusion
The followings are the findings of this study:
1) Subgrade water content of 7.8% results maximum cumulative plastic deformation 
irrespective to cyclic loading method and loading cycle number. 
2) Cyclic single point load test underestimate the cumulative residual deformation 
characteristics of the unsaturated subgrade irrespective to subgrade water content than cyclic 
moving wheel load test.
3) Effects of water menisci become significant to increase the resistance to compression in 
subgrade materials with the PSAR effects.
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